This paper presents a new criterion for estimating the onset of three-dimensional hub
Introduction
Modern compressor blades diffuse the flow efficiently over the middle 60-80% of the span, and the end wall and corner regions are thus key to aerodynamic blockage, loss production, and compressor stability. This paper is concerned with stalled flow in the hub region, more specifically the hub and suction surface corner region of rotors and shrouded stators. This hub-corner stall involves both the end wall and the blade suction surface. Its extent varies along both of these surfaces and it is thus inherently three dimensional.
Research on three-dimensional separation phenomena and stall covers a large range of flow situations. It is useful at the outset to define the regimes of interest in the present paper. Threedimensional separation, as defined most generally, does not require a streamwise adverse pressure gradient to exist. 1 In the application addressed here, however, as shown by extensive computations ͑described below͒, the basic cause of the reversed flow in the corner of the blade suction surface and the end wall is the stagnation of low momentum fluid by adverse gradients.
Three-dimensional separation in axial compressors has been investigated in detail by Gbadebo et al. ͓3͔ who showed that reversed flow always occurs on the end wall as well as on the blade suction surface, irrespective of the pitchwise extent of the separated region. Put another way, separation always occurs, but does not imply stall, 2 which is defined in this paper as follows. In qualitative terms, stall can be viewed as a situation in which some aspect of the flow "has gone wrong" 3 and, as a result, a large extent of reversed flow exists, for example, the separation has become substantially larger than that at design conditions. In quantitative terms, we define below a stall indicator, denoted by S, which gives assessment of the extent of the separated region and indicates explicitly whether hub-corner stall occurs. In this context, the following nomenclature is used throughout the paper. If the stall indicator S is greater than 0.12, the terminology used is hub-corner stall, which is indicative of extreme excursions of the surface streamlines and large magnitude of flow reversals on both the blade suction surface and the end wall, as sketched in Fig. 1 .
In capturing the physical mechanisms associated with hubcorner stall, the primary effects that must be described are the pressure rise and the state of the flow subject to this pressure rise. In this sense, the principal three-dimensional effect is the secondary flow, due to the cross-passage pressure gradient, which brings low stagnation pressure, low momentum fluid, into the hub-corner region. The criterion to be developed is based on this idea.
The mechanism of secondary flow is well described by Horlock et al. ͓4͔ . The end wall boundary layer has a lower velocity than, but experiences roughly the same cross-stream pressure gradient as, the freestream. The streamline radius of curvature near the end wall is thus smaller than in the freestream, leading to crosspassage motion and the accumulation of low stagnation pressure fluid near the suction surface hub corner. If the blade loading is high enough, this low stagnation pressure fluid is not able to negotiate the pressure rise in the blade passage and hub-corner stall occurs, increasing passage blockage, lowering the static pressure rise capability of the compressor blade row, and increasing the entropy rise from flow mixing downstream.
A large amount of work has been carried out on topology, numerical simulation, mitigation, and performance impact of hubcorner stall. What has not been provided, however, is a criterion for its occurrence. The development, evaluation, and application of such a criterion is the subject of this paper.
Scope and Organization of the Paper. The major goals of this paper are to develop a criterion for the formation of hub-corner stall in axial compressor blade rows and to assess it over a broad range of parameters using information from the literature and multistage compressor data from industry. The criterion consists of ͑i͒ a stall indicator, which defines whether three-dimensional hub stall exists, and ͑ii͒ a diffusion parameter, which defines when the flow diffusion limit associated with the onset of stall has been exceeded. A rough correspondence can be drawn between the diffusion parameter, and the well-known Lieblein diffusion factor ͑Lieblein ͓5͔, Kerrebrock ͓6͔, and Cumpsty ͓7͔͒, which shows under what conditions two-dimensional blade stall occurs. Similarly, the three-dimensional stall indicator has an analogous role to 1 For example, separation, with boundary layer fluid moving off the wall, occurs along the symmetry line on the end wall of a rectangular nozzle, where the streamwise pressure gradient is favorable ͑Greitzer et al. ͓1͔͒. This type of threedimensional separation, however, is associated with the confluence of boundary layer fluid due to cross-flow ͑Lighthill ͓2͔͒ rather than by the inability of low stagnation pressure fluid to negotiate a pressure rise. In addition, there is no stagnation of the separating fluid, and the primary effect is rather a change of direction as the fluid leaves the wall. 2 We are indebted to Professor N. A. Cumpsty for his clarifying comments on this point. 3 We have found this phrase, due to Professor N. A. Cumpsty, useful in dispelling ambiguity surrounding discussions of the qualitative definition of compressor stall.
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The concept that underpins the formulation of the threedimensional stall indicator is quantification of the extent of the hub-corner stall via local blade loading. The diffusion parameter is based on flow variables associated with hub-corner stall and geometric variables for an "equivalent" ideal blade passage. The approach involves the combination of numerical simulations, experiment, and modeling of flow mechanisms in the end wall region.
The paper is organized as follows. First, previous work on hubcorner stall is briefly reviewed. The hub-corner stall process and its characteristics are then described qualitatively and the features that underpin the criterion discussed. Following this, the stall indicator is formulated and cast in terms of a Zweifel loading coefficient. Next, the diffusion parameter is constructed, with justification for the steps in the formulation, from three-dimensional flow simulations. The diffusion parameter and its attributes are also compared with the Lieblein diffusion factor to place the two ideas in context. The criterion for the formation of hub-corner stall is then defined.
The applicability and the limitations of the criterion are evaluated using extensive CFD simulations as well as single and multistage axial compressor data. The criterion is also used to define the flow control processes necessary to alter the hub-corner stall. Results are reported from a linear compressor cascade flow control experiment based on these principles. Finally, the implications and conclusions of the research are summarized.
Previous Work on Three-Dimensional Separation. The impact of three-dimensional separation on end wall loss generation and compressor performance has been investigated by a number of researchers. Some features relevant to this discussion are the increase in the growth of the reversed flow region with blade loading ͑Joslyn and Dring ͓8͔ and Barankiewicz and Hathaway ͓9͔͒, the use of three-dimensional blade designs ͑e.g., bowing͒ to increase compressor efficiency ͑Breugelmans et al. ͓10͔, Shang et al. ͓11͔, and Weingold et al. ͓12͔͒ , the transport of low momentum fluid by the secondary flow ͑Gallus et al. ͓13͔, Hah and Loellbach ͓14͔, and Schulz et al. ͓15͔͒ , and the overall characterization of the separation including reversed flow and recirculation near the end wall ͑Schulz and Gallus ͓16͔ and Weber et al. ͓17͔͒ .
The topology of three-dimensional compressor separation has been described in depth by Gbadebo et al. ͓3͔ using the concept of critical points. They established topological rules, which define the properties of the limiting streamlines and singularities. As the number of singularities increased, the thickness of the separated region and the losses also increased. Flow visualization ͑both experimental and numerical͒ showed flow reversal on both the blade suction surface and the end wall, although for the loading conditions examined, the separated region was confined mostly to the suction surface and thus did not resemble the hub-corner stall that we describe. A further feature, to be addressed subsequently, is related to the interaction of the main gas path and the nongas path flows, for example, hub cavity leakages in shrouded stators. Demargne and Longley ͓18͔ and Wellborn and Okiishi ͓19͔ demonstrate that the strength of the secondary flow in the blade passage, which is affected by the leakage flow and the skew of the incoming end wall boundary layer, is related to the extent of the threedimensional separation.
A final feature with which we will deal relates to attempts to mitigate the extent of compressor hub-corner separation through flow control, as first reported by Peacock ͓20͔ and Stratford ͓21͔. More recently, Culley et al. ͓22͔ and Kirtley et al. ͓23͔ have explored the effects of suction surface blowing, both steady and unsteady, reporting a 25% reduction in loss from injection of 1% of compressor mass flow ͓22͔, although this did not account for work associated with the delivery of the injection fluid. Their results suggest that air injection from the suction surface is relatively ineffective in mitigating end wall loss, but it is shown below that this is not a general conclusion and that ideas developed herein enable reduction of three-dimensional separation using suction surface injection.
Development of a Criterion for Hub-Corner Stall
As introduced earlier, the basic processes governing the formation of hub-corner stall are ͑1͒ the adverse pressure gradient in the blade passage, ͑2͒ the cross-flow from pressure to suction side due to the overturning of the fluid near the end wall inside the blade passage, which brings low momentum fluid to the hub-corner region, and ͑3͒ the condition and skew of the incoming end wall boundary layer flow, which affects the strength of the cross-flow and the resistance to reversal. The situation is illustrated in Fig. 1 including the limiting streamlines near the solid surfaces and the separation lines that demarcate the region of separated flow. The three processes are fundamental pieces in establishing the threedimensional flow diffusion parameter and the hub-corner stall indicator.
Hub-Corner Stall Indicator. Hub-corner stall, as defined in this paper, is characterized by extreme excursions of the surface streamlines and a large magnitude of flow reversal on both the blade suction side and the end wall. The consequences are an increase in blockage and a decrease in local blade loading relative to the midspan region. As depicted in Fig. 1 , a distinct feature of hub-corner stall is the decrease of its chordwise extent away from the end wall. The idea behind the stall indicator is to quantify the extent of the hub-corner stall via the reduction in local blade loading relative to flow conditions outside the separated region. Assuming that such conditions occur at midspan, the size and strength of the hub-corner stall can be expressed as the difference between the loading at midspan and in the end wall region 4 as, where AR= L / c is the blade aspect ratio, 4 As shown later, the stall indicator S correlates best with the diffusion parameter if the loading near the end wall is evaluated at a spanwise location of 10% chord. This is within the end wall boundary layer thickness in multistage compressors but sufficiently away from the end wall surface to avoid interference with localized low pressure regions associated with spanwise turning of the cross-flow in the hub corner. To generalize different blade passage geometries, the calculations suggest nondimensionalizing the spanwise distance by chord. Transactions of the ASME Downloaded 31 Jan 2012 to 129.5.112.20. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
͑1͒
Introducing a Zweifel blade loading coefficient ⌿ z , the stall indicator S in Eq. ͑1͒ can be written compactly as
The Zweifel loading coefficient is defined as the ratio of actual blade loading, to the blade loading, which would exist with isentropic diffusion to stagnation conditions. This ideal loading is represented by the inlet dynamic head times the chord length, as denoted by the rectangular area in Fig. 2 . The Zweifel loading coefficient can be viewed as the ratio of the area defined by the chordwise integral of surface pressures ͑actual blade loading͒ to the rectangular area. As the separated flow region near the end wall occupies a larger and larger spatial extent, the Zweifel loading coefficient near the hubcorner decreases relative to the value at midspan. The stall indicator S thus increases.
Diffusion
Parameter Development. Dimensional analysis shows that the stall indicator is a function of the following ͑many͒ nondimensional parameters:
where M is the inlet relative Mach number, Re is the Reynolds number based on blade chord, ␦ is the incoming boundary layer thickness, AR is the blade aspect ratio, is the solidity, ␥ is the blade stagger angle, is the blade camber angle, ␣ 1 and ␣ 2 are the flow inlet and exit angles, respectively, and ⌬␤ characterizes the additional flow turning associated with the skew of the incoming end wall boundary layer.
To establish a criterion for the formation of hub-corner stall, a parameter that reflects the three-dimensional diffusion limit needs to be formulated. The hypothesis is that those parameters, which measure the effects of streamwise pressure rise ͑and gradient͒, the cross-flow pressure difference ͑and gradient͒, and the state and skew of the incoming end wall boundary layer, will capture the mechanisms in the hub-corner stall process. If so, the groups related to these effects can be brought into a nondimensional diffusion parameter D such that
The stall indicator can now be, at least notionally, reduced to
Although Eq. ͑5͒ is, so far, little more than regrouping of terms, it gives a prelude to simplifications that are sought. To move further, numerical flow field simulations of candidate stator blade passage geometries were conducted to assess the sensitivity of the stall indicator S to inlet Mach number, Reynolds number, inlet boundary layer thickness, and blade aspect ratio. For fully turbulent, subsonic flow, the stall indicator was found to have little or no appreciable sensitivity to these parameters ͑this is discussed in depth later͒. The task of developing the stall criterion can therefore be reduced to determining the functional form of the diffusion parameter for hub-corner stall, Eq. ͑4͒.
In what follows, a rationale is presented in support of the development of this functional form. We emphasize that the different steps in the overall chain should be regarded as plausibility arguments, i.e., qualitative arguments which suggest what the form might be. These serve as a guide only and the final form is extracted from, and based on, the results of a large number of threedimensional computations for blade rows of different geometries.
As a start, consider the overall pressure rise in a twodimensional blade passage. Assuming constant axial velocity through the blade passage, the ideal static pressure rise coefficient can be expressed in terms of inlet and exit flow angles as
͑6͒
For circular camber lines and negligible deviation, the inlet and exit flow angles can be expressed in terms of the incidence angle i and the geometric blade parameters ␣ 1 = i + ␥ + / 2 and ␣ 2 = ␥ − / 2. The ideal static pressure rise coefficient is thus
A second process governing the hub-corner stall is the accumulation of low momentum fluid due to cross-flow toward the blade suction surface. The end wall region cross-flow is sketched in Fig.  3 .
A basic inviscid description of the cross-flow is given by the well-known Squire and Winter expression for the relation between exit streamwise vorticity and inlet normal vorticity in terms of the flow turning angle ⌬␣ ͑Horlock et al. ͓4͔ and Cumpsty ͓7͔͒,
Of direct interest is the cross-flow velocity, which is usefully depicted as a plot of cross-flow velocity component versus velocity component in the freestream direction, v / U versus u / U ͑Johnston ͓24͔͒. The most basic representation of boundary layer cross-flow is a triangle as in Fig. 3 . The outer leg corresponds to the inviscid outer portion of the boundary layer and the inner part corresponds 
The slope of the outer leg is equal to the ratio of streamwise vorticity to normal vorticity , as can be seen by reference to Eq. ͑8͒. With the assumptions adopted, this ratio is 2⌬␣ =2͑i + ͒.
The cross-flow is affected by the exit conditions from the upstream blade row ͑which typically create a skewed inlet flow͒ and by moving surfaces such as rotor hubs or the rotating structures underneath shrouded stator platforms. One consequence is additional turning, which we characterize as ⌬␤. A second is that the dynamic pressure in the end wall region may be higher than in the freestream ͑Koch ͓25͔ and Smith ͓26͔͒, as in the middle picture in Fig. 4 . While it is recognized that these two effects are different in nature, the approach taken amounts to assuming that they are linked in the applications of interest and can be captured through the single parameter, ⌬␤. With reference to the polar plot representation in Fig. 4 , the slope of the inviscid leg of the skewed end wall boundary layer then becomes −2⌬␤. The combined turning, ⌬⑀, which is the result of the cross-passage pressure gradient acting on the skewed incoming boundary layer, is associated with a cross-flow velocity in the inviscid region of the end wall region as
The principal point of Eq. ͑10͒ is that the cross-flow velocity is modified by inlet skew. Cross-flow and overall pressure rise in the blade passage have so far been put forth as important parameters. A third parameter is blade solidity. For a given overall pressure rise ͑blade turning͒, the magnitude of the pressure rise the suction surface fluid must negotiate depends on the solidity, i.e., for a given overall turning, the pressure difference across the passage is proportional to blade pitch; lower solidity means a larger pressure rise on the suction surface.
The three nondimensional parameters thus proposed as being candidates for inclusion in the hub-corner stall diffusion parameter are ͑i͒ the overall pressure rise, expressed in terms of blade and incidence angles, ͑ii͒ the magnitude of the cross-flow, expressed in terms of the turning of the end wall region flow, and ͑iii͒ the solidity, which leads to a more local measure of the pressure rise ͑or pressure gradient͒ at the hub suction corner compared to the average value.
In the next section, we discuss the process of assessing this hypothesis in quantitative terms. To give a context for viewing the steps in the process, however, we anticipate the results to be described and state that the computations show that a relevant and useful diffusion parameter, which can be readily calculated from blade row geometry and inflow conditions, is found having the form
where C p i and ⌬⑀ are defined in Eqs. ͑7͒ and ͑10͒, respectively, and is the solidity c / s.
Stall Indicator and Diffusion Parameter Evaluation.
A large set of numerical simulations ͑about 100 geometries͒ was initially carried out to assess whether a simple criterion in terms of the parameters introduced above would unify the description of hub stall onset for different compressors. The simulations were done with a commercially available, steady three-dimensional RANS solver with the k − ⑀ turbulence model. Prismatic blades with a modified NACA 65 thickness distribution on circular camber lines were used. For all these initial cases, the boundary layers were fully turbulent, the Reynolds number was fixed at 2.5ϫ 10 5 , the blade aspect ratio was 1.36, and the incoming end wall boundary layer thickness was ␦ / c = 0.1. A detailed description of the numerical tools and implementation can be found in Ref. ͓27͔ . Table 1 summarizes the parameter range of the nondimensional groups that characterize the blade geometries and flow conditions included in the simulations. In selected simulations, additional turning due to a skewed incoming end wall boundary layer ⌬␤ was generated by injecting flow on the hub end wall upstream of 5 Vorticity of the opposite sign to the inviscid part of the flow, which is associated with the cross-stream pressure gradient, is created at the wall and diffused into the end wall region. Since u / U is almost always monotonic with distance from the wall, the opposite sign of the vorticity can be inferred from the opposite slopes of the two sides of the triangle. Transactions of the ASME the stator, as in shrouded stators due to leakage from underneath the hub platform. The leakage mass flows ranged from 0.35% to 0.84% of the passage mass flow, and the ratio of the leakage velocity to incoming velocity in the tangential direction ͑v leak / v͒ was set between 0.5 and 1.25, based on values reported by Demargne and Longley ͓18͔. Some guide to the form of a nondimensional diffusion parameter comes from the qualitative reasoning given previously; it might be expected that the parameter would be proportional to the overall pressure rise and the turning ͑or some power of these͒. The solidity can affect hub-corner stall in several ways. One is that higher solidity enables higher blade turning and thus increases the pressure rise in the hub and suction surface corner; this might argue for the solidity to enter additively. Another effect is that for high solidity, the cross-flow will be suppressed by the blades. In fact, the relation between the Johnston polar plot and the velocity given by simple integration of the Squire-Winter result only holds in regions where there are negligible potential flow effects due to the passage boundaries. This might argue for the solidity to enter as an inverse power. A power law behavior ͑as-suming D ϰ C p i p q ⌬⑀ r ͒ was therefore evaluated using the numerical simulations, with the observed best fit found to be p =1, q = −1, and r = 1. As given in Eq. ͑11͒, the nondimensional diffusion parameter is
Stated in a more direct manner, the numerical results showed that good correlation existed between the onset of threedimensional hub-corner stall, as expressed by the criterion D Ϸ 0.4, and the stall indicator S. In the remainder of this paper, we will relate the diffusion parameter to the Lieblein criterion for two-dimensional stall, describe the features of the correlation, show its applicability to other data than used in the initial simulations, and use it in the design of an approach to hub-corner stall flow control.
Relation to the Lieblein Diffusion Factor. Both blade stall and hub-corner stall are diffusion driven and one would expect some correspondence between the diffusion parameter D and the well-known Lieblein diffusion factor ͑DF͒. The latter was originally defined ͑for two-dimensional cascades͒ in terms of a correlation between deceleration of the suction surface flow and the wake momentum thickness. It was expressed in terms of cascade area ratio and turning through the blade row. For incompressible flow with equal axial velocity into and out of the cascade,
The D parameter and the Lieblein DF both account for static pressure rise and flow turning in the blade passage. An explicit difference, however, is that D incorporates the effect of incoming boundary layer skew. To illustrate this difference, the diffusion parameter D, which is used here as the metric for occurrence of . Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm hub-corner stall, is plotted in Fig. 5 as a function of DF for all the compressor cascades in Table 1 . For cases without incoming end wall boundary layer skew ͑triangles͒, there is a rough correlation between the two parameters. However, the diffusion parameter D does not correlate with DF when cases with incoming boundary layer skew are included. Also, for skewed incoming boundary layers, there are compressor geometries with a DF= 0.7 greater than the "critical value" of 0.6 ͑Kerrebrock ͓6͔ and and Cumpsty ͓7͔͒ in which the passages are free of hub-corner stall.
Hub-Corner Stall Criterion
To show features of the blade row performance, the static pressure rise coefficient C p and the stagnation pressure loss coefficient are plotted as a function of the diffusion parameter D in Fig. 6 for cascades in Table 1 with zero incidence.
Solid symbols refer to cases with hub-corner stall present. It is seen that the static pressure rise coefficient does not correlate with diffusion parameter. There is, however, a critical value of diffusion parameter, D crit Ϸ 0.4, above which hub-corner stall is found. Corresponding to this finding, the stagnation pressure loss coefficient is nearly constant for diffusion parameters D Ͻ 0.4 and abruptly increases at this critical value. Further, for all the cases in Fig. 6 , passages with hub-corner stall have stagnation pressure loss coefficients a factor of 2 or 3 larger than those without large magnitude flow reversal on the end wall.
A more useful correlation is achieved if the data are plotted in terms of stall indicator, as in Fig. 7 which shows results for stall indicator versus diffusion parameter from all the initial simulations. Two distinct branches in S can be seen, with the condition for which hub-corner stall occurs defined by the diffusion parameter reaching critical value, D crit = 0.4Ϯ 0.05. There is a region of overlap of the upper and the lower branch in S near this critical value. For the same D parameter ͑and different combinations of blade passage geometry and flow conditions͒, the stall indicator S can either yield a low or a high value. The effects responsible for this double-valued behavior have not yet been identified.
For values of D less than 0.4 ͑the lower branch in S͒, the magnitude of flow reversal is small at the hub end wall, although suction surface separation can occur in the manner indicated by the limiting streamlines and the suction surface separation line sketched in Fig. 7 . Increasing the turning and/or the overall diffusion, and/or reducing the solidity, all of which raise the diffusion parameter, increases the extent of the suction surface separation. Only if D exceeds 0.4, however, will hub-corner stall occur. The upper branch ͑S Ͼ 0.12͒ is therefore indicative of extreme excursions of the surface streamlines and large magnitude flow reversal on both the hub end wall and the suction surface, as sketched on the right of Fig. 7 .
To illustrate the formation of hub-corner stall as the diffusion parameter increases, a series of simulations has been carried out by lowering the solidity from 1.5 to 1.0 to increase the diffusion parameter from 0.31 to 0.44. The computed limiting streamlines on the hub end wall and blade suction surface for a diffusion parameter of 0.31 ͑resulting in S = 0.08 on the lower branch in Fig.  7 marked by the plus sign͒ are shown in the left-hand side of Fig.  8 . A small magnitude flow reversal occurs on the end wall as evidenced by a saddle point downstream of the trailing edge, but extreme excursions of the surface streamlines exist on the suction surface. At a solidity of = 1, with diffusion parameter of 0.44 ͑in excess of the critical value͒, as shown on the right of Fig. 8 , a relatively large recirculation zone on the hub end wall is observed. For this situation, the suction surface reverse flow region is nearly twice the size of that in the left-hand figure and the stall indicator is doubled to S = 0.16 on the upper branch, as marked by another plus sign in Fig. 7 .
In summary, the results so far show a simple criterion for the formation of hub-corner stall consisting of a stall indicator S, which quantifies the extent of the reversed flow, and a diffusion parameter D, which defines the three-dimensional flow diffusion limit. Two distinct branches related to different flow patterns are identified, with a critical diffusion parameter of 0.4 separating the two. On the lower branch, large magnitude reversed flow is confined to the blade suction surface. On the upper branch, hubcorner stall exists, i.e., extreme excursions of the surface streamlines occur on both the hub end wall and the blade suction surface.
Applicability and Limitations of the Hub-Corner Stall Criterion
To assess the applicability and limitations of the hub-corner stall criterion, additional numerical simulations have been conducted. Further, the criterion has also been evaluated against compressor data from industry and literature.
Effects of Reynolds Number, Blade Aspect Ratio, and Incoming Boundary Layer Thickness. Computational results for a range of Reynolds number, aspect ratio, and end wall boundary layer thickness are shown in Fig. 9 . For reference the results from Fig. 7 are plotted as triangles. For cases on both the lower and the upper branches, the Reynolds number was increased and decreased by a factor of 10 ͑to 2.5ϫ 10 6 and 2.5ϫ 10 4 , respectively͒. In all the computations, the flow was fully turbulent. The results are marked by the solid diamonds and the solid squares in Fig. 9 . For fixed value of diffusion parameter, the criterion is insensitive to changes in Reynolds number, as is the stall regime, i.e., small magnitude reversed flow on the hub end wall does not develop into hub-corner stall and vice versa. To investigate the effects of aspect ratio, simulations were conducted for three cascade geometries on the lower branch and two on the upper branch. The blade aspect ratio was increased from the reference value of 1.36-5. 7 The results are plotted in Fig. 9 as stars. As with Reynolds number, changing the aspect ratio does not change the flow regime, but there can be an appreciable change in the stall indicator. The simulations show that the spanwise extent of reversed flow is little affected by aspect ratio so the changes in S are indicative mainly of changes in reference loading. Reducing the aspect ratio increases the ratio of blocked area to geometric passage area, reducing the midspan loading. For the Transactions of the ASME higher aspect ratio, the midspan loading is less affected yielding higher values of stall indicator. The change made in aspect ratio does not alter the trends in stall indicator.
To assess the sensitivity of the hub-corner stall criterion to incoming end wall boundary layer thickness, simulations were conducted for selected compressor cascade geometries with an end wall boundary layer thickness of 20% chord, twice the reference value. These results are also given in Fig. 9 , with the thicker boundary layer behavior marked by plus signs. The stall indicator behavior as a function of diffusion parameter is unchanged, with the results for the thicker boundary layer within the scatter of the reference data.
Application of the Hub-Corner Stall Criterion to Compressor Data. The development of the hub-corner stall criterion was based on untwisted compressor cascades. To assess its applicability more generally, single and multistage compressor data from industry and literature, as well as other cascade data, have been used. Table 2 summarizes the compressor geometries and observed hub stall patterns found in the literature. The diffusion parameter has been inferred from the available information. For twisted blades, the diffusion parameter can change from hub to midspan and the span-averaged value has been used.
The proposed criterion is that all geometries with diffusion parameters below 0.4Ϯ 0.05 will not have hub-corner stall, i.e., in terms of Table 2 , the third column will say "No." The data are in reasonable agreement with this. The linear cascade experiment by Horlock et al. ͓4͔ has a subcritical D parameter of 0.33 but hubcorner stall was observed. The amount of information is limited and it is not clear what the cause is. In the experiments conducted by Schulz and Gallus ͓16͔, the rather thick blade profiles had a highly curved suction surface and much flatter pressure surface. The reported camber angle is 29 deg, which yields a diffusion parameter of 0.16, but hub-corner stall was observed. The flow angle difference inferred from the suction surface curvature is almost 60 deg and, if this were the turning, the diffusion parameter would be 0.54. For purposes of listing the data, we have taken the average of the two values ͑0.35͒ as our best estimate, realizing that there is a large uncertainty. The reader should note that this approach has been taken for this one data point. Another possible explanation is the effect of the thick blade on the flow diffusion as described by the generalized diffusion ratio 8 ͑Koch and Smith ͓32͔͒. This aspect is not explicitly captured by the D parameter.
Aeroengine compressor data, from five different production and research compressors, ranging from 5 to 14 stages, were also used to assess the criterion.
9 A total of 49 rotor end walls and 71 stator end walls were investigated. All were end walls with no tip leakage, i.e., rotor hubs, stator casings, and shrouded stator hubs. The results are shown in the histograms on the left-and right-hand sides of Fig. 10 for rotors and stators, respectively. The abscissa gives the value of diffusion parameter and the ordinate shows the percentage of the cases at that value.
For the rotors, all the cases shown are reported to be free of hub-corner stall.
10 All the rotor data are thus suggested to be in accord with a critical DF of 0.4 for the onset of hub stall. The inference is that designers recognize ͑at least implicitly͒, and avoid, flow conditions that the criterion states will lead to hub stall.
The majority of the stators had a diffusion parameter calculated to be between 0.21 and 0.24, with 18% of the stators yielding diffusion parameters above the critical value. Information on the stall pattern is not available for the stators and no direct comparison can be made. However, two points can be inferred from the stator data. First, the criterion is in accord with industrial design and development practices, in which performance-affecting stall is to be minimized. Second, most of the cases with diffusion parameters above 0.4 are reported to represent outlet guide vanes, which are naturally higher turning blade rows, and, even with the higher solidity commonly used, may be difficult to design without large magnitude flow reversal in the end-wall-suction corner.
Mitigation of Hub-Corner Stall via Flow Control
The criterion developed can also be employed to guide the design of flow control to mitigate hub-corner stall. The overall concept is to ensure that the diffusion parameter is below the critical value of 0.4. One way to accomplish this is to decrease the crossflow due to the overturning of the fluid near the end wall by introducing cross-flow of the opposite sign. Such control crossflow could be established via upstream flow leakage from underneath the hub platform in shrouded stators or by injecting air from the hub or blade suction surface inside the passage, as sketched in Fig. 11 .
Effects of Hub Cavity Leakage Flow on Hub-Corner Stall.
To illustrate the above scheme, simulations were conducted for leakage flow rates of 0.35%, 0.7%, and 0.84% of the blade passage mass flow and tangential velocity ratios ͑v leak / v͒ of 0.5, 1.0, and 1.25. The additional turning due to leakage, ⌬␤ ͑see Eq. ͑10͒͒, was extracted from the numerical results using the polar plot description. The resulting diffusion parameters and stall indicators are plotted in Fig. 12 , marked by circles, plus signs, and stars. The upper and lower branches in S, identified earlier, are marked by dashed lines.
Tangential injection ratios of 0.5, indicated by the dotted line, yield increased values in stall indicator compared with the noleakage case, indicative of a larger hub-corner stall region. This is in concert with the results reported by Demargne and Longley ͓18͔; for the same leakage mass flow, the formation of hub-corner stall is promoted if the injected tangential momentum is less than the freestream value so fluid particles near the end wall overturn toward the blade suction side. For a tangential velocity ratio of 1.0, Fig. 12 shows that the separation indicator has a value on the lower branch for all the leakage mass fractions examined ͑dash-dotted line͒. At this condition, the tangential momentum imparted by the flow injection suppresses the overturning of the end wall fluid toward the suction surface and thus the tendency toward the stall. An increase in tangential velocity ratio to 1.25 further reduces the reversed flow region on the suction surface as evidenced by the decreasing stall indicator S marked by the solid line.
Hub-Corner Stall Control Scheme. A flow control scheme based on the concept in Fig. 11 , with air injected from the blade suction surface, was constructed and tested in a linear compressor cascade. The cascade had five interchangeable blades, two of which were instrumented with an array of static pressure taps on suction and pressure surfaces. An exit stagnation pressure was surveyed by a Kiel probe mounted on a three-axis traverse table. The blades were based on GE's E 3 geometry. The flow control scheme consisted of an externally fed blade cavity and a spanwise injection slot on the suction side near the leading edge. Flow control air was supplied from the end wall through a feed channel near the blade trailing edge. The cavity was designed with an internal recirculation zone so that the flow exiting through the injection slot had a strong spanwise velocity component. The spanwise velocity on the blade suction surface created a crossflow that opposed the existing passage secondary flow, as shown in Fig. 11 . A single injection slot was located at 21% of chord on the blade suction side, extending radially from the hub to onethird span. The injection slot width was 0.04% of chord. Injection mass flow rates were from 0.4% to 0.8% of the passage flow. For more details on the experiment, see Ref.
͓27͔.
To illustrate the effect of air injection on the separated flow region, Fig. 13 depicts computed contours of stagnation pressure at the cascade exit for a datum case A ͑no control͒ and for two methods of air injection through a slot on the blade suction surface ͑Cases B and C͒. The injection mass flow rate was 0.8% of the compressor flow. In Case B, air is injected in the streamwise Contours of computed stagnation pressure at cascade exit for "A… datum case, "B… streamwise air injection, and "C… streamwise plus spanwise air injection direction ͑the injection angle was pitched 24 deg from the suction surface to impart streamwise momentum͒. In Case C, air is injected along the span toward the hub ͑the injection angle was pitched 24 deg from the suction surface and angled 53 deg from the streamwise direction toward the hub͒. Although injection in the streamwise direction ͑Case B͒ energizes the blade surface boundary layers and thins the wake, it has little effect on hubcorner stall. Introducing the spanwise velocity component ͑Case C͒, however, markedly reduces the extent of the hub-corner stall in accord with the stall criterion.
The experimental results are compared to the numerical simulations in Fig. 14. This figure compares two rates of spanwise flow injection. For 0.8% injection flow rate, the hub-corner stall is much reduced and the wake is thinned near the hub. The deduced diffusion parameter D drops from 0.37 to 0.18 so the stall indicator jumps from the upper to the lower branch as marked by the squares in Fig. 12 , consistent with the observed change in stall pattern. Examination of the stagnation pressure taking into account the work associated with the delivery of the injection fluid shows that injection rates higher than 0.8% ͑not presented here͒ do not yield further reductions in stagnation pressure loss. The 0.8% injection flow rate thus gave the best results ͑roughly 10% reduction in overall loss coefficient͒ for the conditions examined. Although we regard the experiments ͑and simulations͒ primarily as an additional assessment of the ideas presented above, and although the reduction is small, the reduction of flow nonuniformity has potential for enhancing the performance of downstream blade rows.
Summary and Conclusions
A new criterion has been developed for estimating the geometries and flow conditions under which hub-corner stall will occur in axial compressors. The criterion consists of a diffusion parameter, which defines at what conditions the hub-corner stall will occur, and a stall indicator, which defines whether a large magnitude flow reversal exists on the blade suction surface and the hub end wall.
The diffusion parameter is expressed in terms of overall blade row parameters ͑flow angles, solidity, and incoming end wall boundary layer skew͒ so that the criteria can be applied in the preliminary design stage. The stall indicator can be related directly to the difference between Zweifel loading coefficients near the end wall and at midspan. Based on numerical simulations of over 100 different cascade geometries, the critical value of the diffusion parameter marking the onset of separation is D = 0.4Ϯ 0.05.
The criterion has been found to be in general agreement with the available data in the literature. The criterion has also been found to be in agreement with multistage aeroengine compressor data. More specifically, it is in agreement with all rotor data provided ͑49 cases͒. For the stators, information was not provided for direct comparison, but it is suggested that the trends shown are consistent with the criterion.
The ideas leading to the criterion were used to design and test a stator flow control scheme in a linear compressor cascade. The experimental results, and the numerical simulations, are found to be in accord with the ideas presented in the paper.
